I. INTRODUCTION
The shape resonances in low energy scattering of electrons off diatomic targets ͑A 2 ͒ are believed to be predominantly mediated by formation of a compound anionic state ͑A 2 − ͒ whereupon the nuclei start to move in the local complex anionic potential W A 2 -͑R͒. If the lifetime of the resonant anion permits at least one vibration of A 2 − , then the visiting electron is reemitted with the residual target molecule A 2 in a distribution of excited vibrational states appearing as vibrational structure in the resonant scattering cross-sections for these systems. The pronounced vibrational structure accompanying the formation of 2 ⌸ g N 2 − shape resonance in e-N 2 scattering is an example of enduring interest, 1-15 and the decay mechanism is popularly labeled as the boomerang model. 3 If the lifetime of the resonance anionic state A 2 − is smaller than its vibrational period, then the vibrational structure is missing from the resonance scattering cross-sections which only show broad smooth peaks as a function of the energy, e.g., the 2 ⌺ u + H 2 − shape resonance in e-H 2 scattering which provides an example of the impulse model 2,4,16,17 for resonance decay.
This simple and appealing classification of molecular resonances has, however, been repudiated by computational 18 /experimental 19 demonstration of structure in higher vibrational excitation cross-sections of e-H 2 scattering later substantiated by other investigations [20] [21] [22] as well. Since the resolution of structure in energy profiles is controlled by decay pattern in the time domain 23 and a time dependent wave packet ͑TDWP͒ formulation of the resonant electronmolecule scattering is available, 11 it is our purpose in this paper to apply the TDWP approach to e-H 2 scattering to investigate the features which control the lack of structure in vibrational excitation cross-sections 1←0 ͑E͒ and 2←0 ͑E͒ but lead to increasingly pronounced structure for 3←0 ͑E͒, 4←0 ͑E͒, 5←0 ͑E͒, and 6←0 ͑E͒ in e-H 2 scattering, to see if the TDWP results can reproduce the details obtained earlier using time independent scattering theory. 18, 20, 21 In the TDWP formulation, the transition matrix elements, T f , i ͑E͒, are obtained using 27 to time evolve the initial vibrational state i ͑R͒. Also, McCurdy and Turner applied the TDWP approach only to e-N 2 scattering in the boomerang model. We provide an additional test of the TDWP approach by applying it to the impulse limit of resonant anionic decay as seen in e-H 2 scattering to verify if the prevalent qualitative pictures hold for this case as well and also to try and seek new features which may emerge from simultaneous treatment of these two contrasting models.
As a pleasant surprise, our results indicate that the detailed structures in 3←0 ͑E͒, 4←0 ͑E͒, 5←0 ͑E͒, and 6←0 ͑E͒ for e-H 2 scattering do emerge from a previously utilized local complex potential 16 for H 2 − shape resonance in a manner which preserves the simplicity of boomerang and impulse classifications for 2 ⌸ g N 2 − and 2 ⌺ u + H 2 − shape resonances and provides reasonably cogent basis for this categorization. This demonstration of reasonable efficacy, we hope, will arouse interest in the use of TDWP approach as an easy to implement alternative for studying the nuclear dynamics of molecular resonance formation and decay to any desired degree of temporal detail.
II. METHOD AND RESULTS
As outlined by McCurdy and Turner, 11 the transition matrix elements for vibrational excitation cross-section in the time dependent formulation may be obtained as Fourier transform of the cross correlation
where the time dependent function i ͑R , t͒ represents the time evolution of the initial target vibrational state i ͑R͒ under the influence of the resonance anionic Hamiltonian
with
where W͑R͒ is the complex local potential governing the nuclear motion of the metastable A 2 − . The vibrational excitation cross-section f ← i ͑E͒ may then be obtained from
where k i represents the momentum of the incident electron. Advantages and deeper insights provided by the TDWP formulation of resonance formation and decay have been discussed in detail by McCurdy and Turner. 11 In our implementation, the vibrational target wave functions i ͑R͒ and f ͑R͒ are not approximated as linear combination of SHO functions but are obtained by applying FGH approach. 24, 25 The FGH technique has emerged as a simple, accurate standard for obtaining eigenfunctions of one dimensional systems and we refer the reader to the original paper by Marston and Balint-Kurti 24 for details. Similarly, the use of Lanczos and fast Fourier transform 26, 27 ͑LFFT͒ for time evolution is by now a routine procedure whose details do not need repetition here. We will instead focus on our adaptation of these techniques and results obtained for e-N 2 and e-H 2 scattering.
A. e-N 2 scattering
We have utilized experimental values of dissociation energy, equilibrium bond length, and fundamental frequency from a recent experimental characterization 28 to construct the Morse potential energy ͑PE͒ curve for N 2 . The PE curve was discretized in the interval of ͑1.5-7.5͒a 0 with 512 grid points and FGH was applied to obtain vibrational eigenfunctions of N 2 on this grid. The real part E N 2 −͑R͒ and the imaginary part ⌫ N 2 −͑R͒ of the complex anionic potential W N 2 −͑R͒ are those used by Dubé and Herzenberg 6 and are plotted in Fig. 1͑a͒ . The discretization of real and imaginary parts of the complex N 2 − potential was identical to that for the N 2 PE curve. Time evolution of the ground vibrational state of N 2 under the influence of the metastable complex N 2 − Hamiltonian was − from 0 to 0.5 fs ͑b͒ and from 1 to 3 fs ͑c͒.
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at t = 2 fs being 1.7ϫ 10 −6 . Due to the lighter reduced mass, the motion is rapid and the peak amplitudes diminish into insignificance much before they can turn back from the right turning point. Figs. 2͑a͒ and 2͑b͒ , and consequently, the resulting 1←0 ͑E͒ and 2←0 ͑E͒ plots ͓Figs. 4͑g͒ and 4͑h͔͒ for e-H 2 scattering are indeed structureless. However, since the higher vibrational wave functions 3 ͑R͒, 4 ͑R͒, 5 ͑R͒, and 6 ͑R͒ have longer span in internuclear distance R, the cross correlation functions ͗ 3 ͑R͉͒ 0 ͑R , t͒͘, ͗ 4 ͑R͉͒ 0 ͑R , t͒͘, ͗ 5 ͑R͉͒ 0 ͑R , t͒͘, and ͗ 6 ͑R͉͒ 0 ͑R , t͒͘ have progressively larger decay time. But since 0 ͑R , t͒ amplitude keeps decaying with time as it progresses to larger R values, the magnitude of higher cross correlation functions gets smaller as seen in Figs. 4͑c͒-4͑f͒ . With increased decay time ͑larger ⌬t͒ it becomes possible to resolve finer structure ͑smaller ⌬E͒ 23 in 3←0 ͑E͒, 4←0 ͑E͒, 5←0 ͑E͒, and 6←0 ͑E͒ profiles. As can be seen from the inset in Fig. 4͑j͒ the spacing between peaks in 4←0 ͑E͒ profile is similar to the experimental results of Allan, 19 and detailed mechanistic investigations of Narevicius and Moiseyev 21 and the ratios between 1←0 ͑E͒, 2←0 ͑E͒, etc., are close to those tabulated by Allan. 19 Furthermore, since there is no second peak in any of the cross correlation functions for e-H 2 scattering, there is no boomerang-type return and classification of the 2 ⌺ u + H 2 − resonance as belonging to the impulse model seems justified. The time taken for cross correlation functions to decay to almost zero may be taken as effective lifetime in our calculation, and depending upon the decay mode ͑f ← 0͒ this is about 2 -8 fs for e-H 2 in our approach. This is about as large as that found by Narevicius and Moiseyev 21 and our results seem to be in tune with much larger lifetime for the 2 ⌺ u + H 2 − shape resonance prescribed by them.
III. CONCLUDING REMARKS
Our purpose in this paper has been to offer an application of the time dependent approach using standard techniques for obtaining vibrational functions and time evolution which replace earlier approximations and also test its applicability using local complex potentials to the impulse limit of resonance decay. The results presented here seem to show that time dependent formulation is effective and can provide detailed mechanistic insights into electron-molecule scattering. The evolution of the system can be mapped to any desired level of time resolution and proposed mechanisms investigated in detail.
The vibrational excitation cross-sections obtained with the mix of potentials from different sources used here offer reasonable agreement with broad features seen in earlier applications. The pitfalls of tinkering with potential parameters have been discussed by Hazi et al. 9 and in these demonstrative applications we have employed convenient PE curves for neutral and anionic systems without making any effort to optimize them to reproduce experimental or theoretical results. Our results show that simple local complex potentials used earlier can do justice to vibrational excitation crosssection profiles for both e-N 2 and e-H 2 scattering and lend credence to the local complex potential based compound state model of resonance formation and decay. The use of cross correlation function provides a clear demarcation between boomerang and impulse models and the TDWP approach offers a simple mechanistic resolution of structure in vibrational excitation cross-section for both these models.
For the small diatomics studied here, calculations, even at the level of full configuration interaction ͑CI͒ in a reasonable basis, should be quite feasible and accurate multiconfiguration self-consistent field ͑MCSCF͒/CI for the neutral target and complex scaled MCSCF ͑Ref. 30͒/CI ͑Refs. 31-33͒ for the resonant anion can be easily employed to provide nearly exact real/complex PE curves. The use of correlated PE curves and width functions should remove the ambiguity 34 associated with different empirical PE curves utilized for the same system and in conjunction with FGH ͑Refs. 24 and 25͒ and LFFT ͑Refs. 26 and 27͒ techniques employed here should provide a seamless integration of computational techniques that facilitate fully quantal ab initio calculation of resonant e-molecule scattering crosssections. The rich mechanistic details provided by Narevicius and Moiseyev for the e-H 2 scattering may be supplemented by resolving the progression of 0 ͑R , t͒ in terms of vibrational states of H 2 − and the same procedure applied to e-N 2 and other shape resonances as well. Hopefully, ab initio correlated complex local potentials will become available soon and this delicate task can be undertaken at the earliest.
In this first application, we have treated only the e-diatom scattering. Generalization of both the FGH and LFFT for two-dimensional problems has already been presented by us elsewhere 35 and the methods espoused here can be easily extended to other e-molecule scattering problems. We hope that our results will motivate an early integration of these techniques for a fully quantal calculation of vibrational excitation cross-section in e-molecule scattering.
